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Hepatocellular carcinoma is the most common type of primary liver cancer and the third leading cause of cancer‐related deaths worldwide.[1](#cas12891-bib-0001){ref-type="ref"}, [2](#cas12891-bib-0002){ref-type="ref"} Late diagnosis of HCC patients along with resistance of HCC tumor cells to most conventional anticancer agents present major obstacles for the clinical management of HCC.[3](#cas12891-bib-0003){ref-type="ref"}, [4](#cas12891-bib-0004){ref-type="ref"}

Recent advances in molecular targeted therapies allowed the identification of sorafenib, a multi‐targeted tyrosine kinase inhibitor as the first systemic agent to show survival benefit in patients with advanced HCCs in a double‐blind, randomized, placebo‐controlled trial (SHARP trial).[5](#cas12891-bib-0005){ref-type="ref"}, [6](#cas12891-bib-0006){ref-type="ref"} Although sorafenib has since become the mainstay therapy recommended for advanced HCC patients, tumor response to sorafenib is poor, with the median overall survival remaining less than 1 year and the majority of patients eventually showing disease progression while on a therapeutic regimen.[7](#cas12891-bib-0007){ref-type="ref"}, [8](#cas12891-bib-0008){ref-type="ref"} Several studies now indicate that primary and/or acquired resistance in the tumor is a major challenge in sorafenib therapy.[9](#cas12891-bib-0009){ref-type="ref"}, [10](#cas12891-bib-0010){ref-type="ref"} Both tumor and stromal cells are believed to contribute in the resistance and several molecular pathways such as PI3K/Akt and STAT3 are identified as mediators of this process.[11](#cas12891-bib-0011){ref-type="ref"}, [12](#cas12891-bib-0012){ref-type="ref"}, [13](#cas12891-bib-0013){ref-type="ref"} Although the main molecular mechanisms underlying the acquired resistance to sorafenib are largely unknown, it is becoming clear that developing inhibitors that simultaneously inhibit the pathways involved in sorafenib resistance are needed to achieve broader and more potent antitumor efficacy. For this purpose, several clinical trials are ongoing to test different molecularly targeted agents in combination with sorafenib or as second‐line therapies after sorafenib failure.[8](#cas12891-bib-0008){ref-type="ref"}, [14](#cas12891-bib-0014){ref-type="ref"}

Of particular interest are the inhibitors of c‐Met, a high‐affinity tyrosine kinase receptor for HGF.[15](#cas12891-bib-0015){ref-type="ref"}, [16](#cas12891-bib-0016){ref-type="ref"}, [17](#cas12891-bib-0017){ref-type="ref"} Although HGF/c‐Met signaling is not active in liver during physiologic conditions, many studies have reported that this signaling pathway is required for liver regeneration, hepatocyte survival, and tissue remodeling after acute injury.[18](#cas12891-bib-0018){ref-type="ref"}, [19](#cas12891-bib-0019){ref-type="ref"}, [20](#cas12891-bib-0020){ref-type="ref"} Following c‐Met phosphorylation and activation, multiple downstream effector proteins and cascades such as MAPK/ERK and PI3K/Akt pathways are activated and through these pathways c‐Met can trigger distinct cellular processes including cell proliferation, survival, invasion, epithelial remodeling, and angiogenesis.[20](#cas12891-bib-0020){ref-type="ref"}, [21](#cas12891-bib-0021){ref-type="ref"}, [22](#cas12891-bib-0022){ref-type="ref"}

Importantly, the c‐Met pathway is one of the most frequently deregulated pathways in human cancer, and aberrant c‐Met signaling through autocrine, paracrine ligand production, genomic amplification, or mutational activation has been documented in most solid tumors including HCC.[23](#cas12891-bib-0023){ref-type="ref"}, [24](#cas12891-bib-0024){ref-type="ref"} Increased expression of c‐Met has been observed in more than 80% of HCC patients where it is correlated with poor prognosis and short survival.[25](#cas12891-bib-0025){ref-type="ref"}, [26](#cas12891-bib-0026){ref-type="ref"}, [27](#cas12891-bib-0027){ref-type="ref"} However, controversially, it has also been reported that deficiency of c‐Met increases chemically induced tumor initiation without effecting tumor promotion in liver.[28](#cas12891-bib-0028){ref-type="ref"} Importantly, increasing evidence implicates HGF/c‐Met signaling as a common mechanism of resistance to anti‐angiogenic therapies including currently used EGFR and vascular endothelial growth factor receptor inhibitors.[24](#cas12891-bib-0024){ref-type="ref"} Recent studies have also indicated a correlation between HGF‐induced EMT and drug resistance.[29](#cas12891-bib-0029){ref-type="ref"}, [30](#cas12891-bib-0030){ref-type="ref"}, [31](#cas12891-bib-0031){ref-type="ref"}, [32](#cas12891-bib-0032){ref-type="ref"}, [33](#cas12891-bib-0033){ref-type="ref"} However, the activation mechanisms of HGF/c‐Met signaling during long‐term sorafenib treatment have not been clarified in detail and the role of this signaling pathway in sorafenib resistance needs further investigation.

To study acquired resistance to sorafenib, we developed two sorafenib‐resistant HCC cell lines by long‐term exposure to this drug. In the established (Huh7‐soR and MV‐soR) cells, we evaluated the expression and activation status of the HGF/c‐Met pathway, and associated molecular and behavioral changes. Then, we aimed to reveal the mechanism of HGF/c‐Met activation in these cells and investigate whether the restoration of sorafenib sensitivity and the reversal of the invasive phenotype can be achieved by HGF and/or c‐Met inhibition. Our results indicated a functional role for the HGF/c‐Met axis in the acquired sorafenib resistance and showed for the first time the autocrine activation of HGF/c‐Met signaling in sorafenib‐resistant HCC cells.

Materials and Methods {#cas12891-sec-0002}
=====================

Cell lines and culture conditions {#cas12891-sec-0003}
---------------------------------

Human HCC cell lines were cultured as previously described.[34](#cas12891-bib-0034){ref-type="ref"} To generate sorafenib‐resistant colonies, cells were treated with stepwise increasing concentrations of sorafenib up to their parental cell IC~50~ doses. Over a period of 3--5 months, sorafenib resistance colonies were generated from Huh7 and Mahlavu parental cells (Huh7‐soR and MV‐soR, respectively).

Reagents {#cas12891-sec-0004}
--------

Sorafenib was prepared as a 15 mM stock solution in DMSO (Sigma‐Aldrich, St. Louis, MO, USA). c‐Met inhibitor SU‐11274 (448101) was purchased from Calbiochem (San Diego, CA, USA) and used for selective c‐Met inhibition. Hepatocyte growth factor was purchased from R&D Systems (Minneapolis, MN, USA). Anti‐HGF antibody (ab10678) was purchased from Abcam (Cambridge, MA, USA) and used for neutralization of secreted HGF. Mouse IgG1, kappa monoclonal (MOPC‐21) (ab18443) was used as isotype control.

Cell viability assay {#cas12891-sec-0005}
--------------------

Briefly, parental and soR cells were grown in 96‐well plates (5 × 10^3^ per well) with indicated concentrations of sorafenib and after 72 h cell viability was assessed using MTT reagent (Sigma‐Aldrich) according to the manufacturer\'s instructions.

Western blot analysis {#cas12891-sec-0006}
---------------------

The cells were lysed using RIPA lysis buffer containing 1 mM Na~3~VO~2~, 1 mM NaF, and 1% protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN, USA), and the lysates were subjected to Western blot analysis as described previously.[34](#cas12891-bib-0034){ref-type="ref"} Primary antibodies are described in Doc. S1.

Immunofluorescence studies {#cas12891-sec-0007}
--------------------------

For staining of the actin filaments, a 5 mg/mL stock solution of tetramethylrhodamine--phalloidin (Sigma P1951) was prepared in methanol and used according to the manufacturer\'s instructions.

Immunofluorescence staining for phospho‐Met, c‐Met, and HGF were carried out as described previously.[35](#cas12891-bib-0035){ref-type="ref"} Staining was carried out using primary antibodies against phospho‐Met (Y‐1234/1235) (cs‐3129), c‐Met (sc‐161), and HGF (sc‐1387) prepared in blocking solution. Cells were visualized using an Olympus BX50 fluorescence microscope (Olympus, Tokyo, Japan).

Migration and invasion assay {#cas12891-sec-0008}
----------------------------

*In vitro* motility and invasion assays were carried out as described previously.[34](#cas12891-bib-0034){ref-type="ref"} Briefly, cells were cultured in DMEM with 5% FBS and treated with either 1.0 μM SU11274, anti‐HGF antibody (1 μg/mL), or both. Cells treated with 0.1% DMSO and mouse IgG were used as controls. The number of migrated and invaded cells was counted in five areas under a bright‐field inverted microscope. Fold inductions were calculated using average numbers of migrated and invaded cells from at least three replicates.

Analysis of gene expression {#cas12891-sec-0009}
---------------------------

Total RNA was isolated using the RNeasy mini kit (Qiagen, Valencia, CA, USA) and RNA concentration was detected using NanoDrop (Thermo Fisher Scientific, MA, USA). One microgram of RNA was then converted to cDNA using a RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA) with random primers. For real‐time quantitative RT‐PCR, expression levels were determined in triplicate on a Light Cycler instrument (Roche 480), using the SYBR Green PCR Master Mix (Applied Biosystems, Thermo Fisher Scientific, MA, USA). Relative gene expression was normalized to GAPDH and calculated by using the 2^−ΔΔCt^ method. Primer pairs used are given in Doc. S1.

Quantitative PCR for analysis of HGF copy number {#cas12891-sec-0010}
------------------------------------------------

Quantitative PCR was done on genomic DNA purified from parental and soR cell lines using the GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific). Reactions were done in quadruplicate with 20 ng genomic DNA. Data were normalized to RNase P which encodes the RNA moiety for the RNase P enzyme and calculated by using the 2^−ΔΔCt^ method. Primer pairs used are given in Doc. S1.

Enzyme‐linked immunosorbent assay {#cas12891-sec-0011}
---------------------------------

Hepatocyte growth factor concentration in the supernatants of parental and soR cells was detected by an HGF Human ELISA Kit (KAC2211; Invitrogen, Carlsbad, CA, USA) following the manufacturer\'s instructions. Briefly, parental and soR cells were seeded into six‐well plates in 0.1% BSA. Following 48 h of cultivation, cultured media were collected and ELISA was carried out.

Apoptosis assay {#cas12891-sec-0012}
---------------

Cells were grown in DMEM with 10% FBS containing 3 μM sorafenib and treated with either 1 microMolar, anti‐human HGF antibody, or both. After 48 h, cells were collected, resuspended in annexin V binding buffer, and stained using an annexin V--FITC/propidium iodide staining kit (BD Biosciences, San Jose, CA, USA) according to the manufacturer\'s instructions. Cells were then immediately analyzed using a FACSCalibur flow cytometer (BD Biosciences).

Statistical analysis {#cas12891-sec-0013}
--------------------

Statistical analysis was carried out using GraphPad Prism (GraphPad Software, Inc, California, USA). Statistical methods included [anova]{.smallcaps} and Student\'s *t*‐test. Differences between groups were considered significant at \**P* \< 0.05, \*\**P* \< 0.001, and \*\*\**P* \< 0.0001.

Results {#cas12891-sec-0014}
=======

Hepatocellular carcinoma cell lines became resistant to long‐term sorafenib treatment and showed upregulation of EMT markers {#cas12891-sec-0015}
----------------------------------------------------------------------------------------------------------------------------

In our previous studies, we characterized HCC cell lines into two groups as "well‐differentiated" and "poorly differentiated" according to their differentiation status.[36](#cas12891-bib-0036){ref-type="ref"}, [37](#cas12891-bib-0037){ref-type="ref"} Poorly differentiated HCC cell lines show a mesenchymal phenotype and increased invasion ability and overexpress c‐Met receptor. Well‐differentiated cell lines, which have limited motility and invasion ability, show an epithelial phenotype and lack c‐Met expression.[36](#cas12891-bib-0036){ref-type="ref"}, [37](#cas12891-bib-0037){ref-type="ref"} For this study, we chose one HCC cell line from each group: (i) the Mahlavu cell line, which shows mesenchymal features and augmented motility and invasion and expresses c‐Met receptor; and (ii) the Huh7 cell line, which shows epithelial features and lacks invasive ability and c‐Met receptor expression. For both cell lines, sorafenib resistance was obtained by exposing cell lines to increasing concentrations of sorafenib over each cell passage. Over 3--5 months, Huh7 and MV cell lines became sorafenib‐resistant (Huh7‐soR and MV‐soR). The viability curves obtained by MTT assay indicated that established cell lines showed significantly decreased sorafenib sensitivity compared to parental cells (Fig. [1](#cas12891-fig-0001){ref-type="fig"}a). A visible effect of long‐term sorafenib exposure was the morphological changes that occurred during the development of sorafenib resistance. Under light microscopy, the resistant cells showed a notable spindle‐shaped morphology (Fig. [1](#cas12891-fig-0001){ref-type="fig"}b) and, by F‐actin staining, we demonstrated that the altered morphology was accompanied by the elongation of actin stress fibers in resistant cells (Fig. [1](#cas12891-fig-0001){ref-type="fig"}c). Several studies reported EMT to be a critical step in tumor invasion and drug resistance.[9](#cas12891-bib-0009){ref-type="ref"}, [38](#cas12891-bib-0038){ref-type="ref"} Analysis of epithelial and mesenchymal gene expressions in our cell lines indicated that, when compared to the epithelial‐like parental Huh7 cell line, Huh7‐soR cells lost E‐cadherin and CK19 expressions and significantly upregulated the expressions of several mesenchymal markers such as vimentin (\>15‐fold), snail (\>3.5‐fold), slug (\>80‐fold), and zeb2 (\>365‐fold) (Fig. [1](#cas12891-fig-0001){ref-type="fig"}d), suggesting the acquisition of a mesenchymal phenotype. The MV parental cell line is classified among HCC cell lines with a mesenchymal phenotype and endogenously expresses high basal levels of several mesenchymal markers.[31](#cas12891-bib-0031){ref-type="ref"} MV‐soR cells also showed further upregulation of snail (\>2.5‐fold) and slug (\>4.5‐fold) and suppression of E‐cadherin expression (Fig. [1](#cas12891-fig-0001){ref-type="fig"}d).

![Long‐term sorafenib treatment induces sorafenib‐resistant hepatocellular carcinoma cells with altered morphology and gene expression. (a) Parental (Huh7 and Mahlavu \[MV\]) and sorafenib‐resistant (Huh7‐soR and MV‐soR) cells were treated with indicated doses of sorafenib. After 48 h, MTT assay was carried out to determine viability curves. (b) Altered spindle‐shaped morphology of resistant cells was visualized under a light microscope. Representative images of parental and soR cells were taken at ×20 magnification. (c) Parental and soR cells were stained with tetramethylrhodamine (TRITC)‐labeled phalloidin (red) to show F‐Actin filament organization and counterstained with DAPI (blue) to show the nuclei. Representative images of cells were captured using a fluorescence microscope (magnification, ×40). (d) Epithelial and mesenchymal marker gene expressions were analyzed by real‐time PCR. Huh7‐soR cells showed downregulation of epithelial markers E‐cadherin and CK‐19, whereas mesenchymal markers vimentin, snail, slug and zeb2 were induced. MV‐soR cells also showed further upregulation of snail and slug expression and downregulation of E‐cadherin (*n* = 3). \**P* \< 0.05; \*\**P* \< 0.001. Error bars indicate SD. NS, not significant.](CAS-107-407-g001){#cas12891-fig-0001}

Hepatocyte growth factor synthesis and secretion is upregulated in resistant cells {#cas12891-sec-0016}
----------------------------------------------------------------------------------

In several studies in HCC, it had been reported that HGF could induce morphological changes, upregulate EMT markers, and stimulate cell invasion and migration of HCC cells through activation of c‐Met signaling. To assess the role of HGF/c‐Met signaling in the acquisition of sorafenib resistance, we first analyzed HGF synthesis and secretion in the resistant cells. By RT‐PCR, we showed that HGF transcription was induced in Huh7‐soR cells, even though HGF transcription was not at detectable levels in Huh7 parental cells. Similarly, compared to MV parental cells, HGF transcription was upregulated in MV‐soR cells (Fig. [2](#cas12891-fig-0002){ref-type="fig"}a). DNA copy number analysis by quantitative PCR indicated that induction of HGF transcription happens without a change in HGF copy number between parental and resistant cells (Fig. S1). We also carried out immunofluorescence staining and showed that the Huh7‐soR and MV‐soR cells expressed higher levels of HGF protein (Fig. [2](#cas12891-fig-0002){ref-type="fig"}b). Moreover, when we used ELISA to measure HGF in the culture media, we showed that sorafenib‐resistant cells had increased HGF secretion (Fig. [2](#cas12891-fig-0002){ref-type="fig"}c). In order to assess if exogenous introduction of HGF could lead to development of sorafenib resistance, we treated Huh7 and MV cells with 20 ng/mL HGF 1 day before sorafenib treatment. After 48 h, the cell viability was assessed using MTT assay. Our results showed that 20 ng/mL HGF significantly attenuated sorafenib‐induced cell death, indicating that HGF treatment can confer sorafenib resistance in HCC cells (Fig. [2](#cas12891-fig-0002){ref-type="fig"}d).

![Hepatocyte growth factor (HGF) synthesis and secretion are increased in sorafenib‐resistant (soR) cells. (a) RNA from parental and sorafenib‐resistant Huh7 and Mahlavu (MV) cells were extracted and RT‐PCR was carried out with HGF‐specific primers. (b) Immunofluorescence microscopy was used to detect HGF expression using HGF‐specific antibody (green). DAPI (blue) was used to stain the cell nuclei. Representative images of parental and soR cells were captured under a fluorescence microscopy (magnification, ×20). (c) HGF concentration in the supernatants of parental and soR cells was detected using an HGF Human ELISA Kit following the manufacturer\'s instructions. Parental and soR cells were seeded into six‐well plates in 0.1% BSA. Following a 48‐h cultivation, cultured media were collected and ELISA was carried out. (d) Huh7 and MV parental cells were treated with 20 ng/mL HGF for 24 h then were treated with indicated doses of sorafenib. After 48 h, MTT assay was carried out to determine viability curves (*n* = 3). \**P* \< 0.05, \*\*\**P* \< 0.0001. Error bars indicate SD.](CAS-107-407-g002){#cas12891-fig-0002}

c‐Met is activated in sorafenib‐resistant cell lines {#cas12891-sec-0017}
----------------------------------------------------

We then analyzed whether increased secretion of HGF by resistant cells induces expression and activation of its receptor tyrosine kinase c‐MET. In the parental Huh7 cell line, basal c‐Met expression is at very low levels; whereas in the parental MV cell line, c‐Met is expressed but not constitutively activated.[37](#cas12891-bib-0037){ref-type="ref"} Western blot analysis showed that c‐Met levels are increased in Huh7‐soR and MV‐soR cells. Moreover, sorafenib‐resistant cells displayed a dramatic elevation in c‐Met phosphorylation within the activation loop compared with parental cells, suggesting the activation of c‐Met signaling in these cells (Fig. [3](#cas12891-fig-0003){ref-type="fig"}a,b). Similarly, immunofluorescence staining using specific antibodies revealed a higher presence of c‐Met‐ and p‐Met‐expressing cells in the resistant cell lines (Fig. [3](#cas12891-fig-0003){ref-type="fig"}c,d).

![c‐Met is activated in sorafenib‐resistant (soR) cells. Huh7‐soR and Mahlavu (MV)‐soR cells showed activation of c‐Met signaling after long‐term sorafenib treatment. (a, b) Western blot analysis showed an increase in basal levels of c‐Met protein expression and induction of p‐Met (Y1234/1235) in soR cells. Calnexin was used as loading control. (c, d) Huh7‐soR and MV‐soR cells were stained with antibodies specific to c‐Met (green) (upper panels) and phospho‐Met (Y‐1234/1235) (green) (lower panels) to detect Met‐expressing and Met‐active cells. DAPI (blue) was used to stain nuclei. Scale bar = 100 μm.](CAS-107-407-g003){#cas12891-fig-0003}

Activation of c‐Met signaling is reversed by c‐Met inhibitor, SU11274 {#cas12891-sec-0018}
---------------------------------------------------------------------

As expected, parallel to c‐Met activation we detected upregulated phosphorylation of Akt and of ERK1/2 in soR‐HCC cells and increased phosphorylation of β‐catenin at Ser675, which leads to its accumulation in the nucleus and increases its transcriptional activity. To assess the effects of c‐Met inhibition on c‐Met and its downstream signaling pathways, we treated soR‐HCC cells with 1 μM SU11274, a selective small molecule c‐Met inhibitor, for 48 h. Treatment with SU11274 abolished c‐Met phosphorylation in Huh7‐soR and MV‐soR cells, and also was able to effectively abrogate the phosphorylation of the downstream effectors, including Akt and ERK (Fig. [4](#cas12891-fig-0004){ref-type="fig"}). Importantly, activation of Akt was previously shown to mediate acquired sorafenib resistance and, in several studies, PI3K/Akt inhibitors were shown to partly restore sorafenib sensitivity.[11](#cas12891-bib-0011){ref-type="ref"}, [39](#cas12891-bib-0039){ref-type="ref"}, [40](#cas12891-bib-0040){ref-type="ref"}, [41](#cas12891-bib-0041){ref-type="ref"} Here we show that upstream inhibition of c‐Met can also block activation of Akt in addition to other downstream effectors and thus can serve to target parallel pathways important in the development of resistance.

![Activation of c‐Met and its downstream pathways in sorafenib‐resistant (soR) cells can be reversed by c‐Met inhibitor, SU11274. Huh7‐soR and Mahlavu (MV)‐soR cells were treated with either 0.1% DMSO or 1.0 μM SU11274 (+SU) for 48 h. To analyze protein expression, whole cell lysates were prepared and immunoblotted for c‐Met and Akt (a) and ERK1/2 and β‐catenin (b), and their phosphorylated forms. Calnexin and β‐actin were used as loading controls.](CAS-107-407-g004){#cas12891-fig-0004}

c‐Met inhibition reversed the increased migration and invasion capability of sorafenib‐resistant cells {#cas12891-sec-0019}
------------------------------------------------------------------------------------------------------

As one of the major concerns with anti‐angiogenic inhibitors including sorafenib is the observed increase in aggressive behavior of the tumor cells after therapy, we evaluated the migration and invasion abilities of Huh7‐soR and MV‐soR cells. Huh7‐soR cells showed a 9.6‐fold increase in migration capacity and a 19.8‐fold increase in invasion capacity compared to Huh7 parental cells (Fig. [5](#cas12891-fig-0005){ref-type="fig"}a). Similarly, MV‐soR cells showed 8.6‐fold increases in both migration and invasion capacities (Fig. [5](#cas12891-fig-0005){ref-type="fig"}b). We then analyzed whether c‐Met inhibition by SU11274 can reverse the augmented invasive behavior of resistant cells. In our studies, c‐Met inhibition resulted in a 27% reduction in migration capacity and a 33.3% reduction in invasion capacity of Huh7‐soR cells. Notably, c‐Met inhibition had a greater effect on MV‐soR cells and caused a 55.8% reduction in migration and a 70.9% reduction in invasion capacity of these cells. In our previous studies, we reported that Egr1 mediates HGF‐induced cell invasion through regulation of MMPs.[42](#cas12891-bib-0042){ref-type="ref"} To understand the molecular mechanisms that lead to increased invasive behavior in sorafenib‐resistant HCC cells, we analyzed the expression of Egr1 and MMP9 by Western blotting and showed that resistant cells have increased levels of Egr1 protein and show induction of MMP9 expression. Moreover, treatment with SU11274 reduced levels of Egr1 and its target MMP9 in resistant cells, suggesting that the activation of Egr1 is mediated by HGF/c‐Met (Fig. [5](#cas12891-fig-0005){ref-type="fig"}c). Although more studies are required to investigate the mechanisms of invasive behavior, these results suggest, for the first time, that increased invasive behavior of sorafenib‐resistant cells is regulated in part by HGF/c‐Met‐mediated activation of Egr1 and subsequent induction of MMP9 expression.

![Sorafenib‐resistant (soR) hepatocellular carcinoma cells show greater migration and invasion ability that can be attenuated by the c‐Met inhibitor, SU11274 (SU). Cells were plated in top chambers for migration and invasion assays after treatment with 1.0 μM SU11274; 0.1% DMSO was used to treat control cells. Representative images of migrated and invaded Huh7 and Huh7‐soR (a) and Mahlavu (MV) and MV‐soR (b) cells were captured under a light microscope (magnification, ×20). The average number of stained cells was calculated and fold differences are presented as column graphs on the right. (c) Early growth response factor 1 (Egr1) and MMP9 expressions were analyzed by Western blotting in resistant cells before and after treatment with c‐Met inhibitor (*n* = 3). \**P* \< 0.05, \*\**P* \< 0.001, \*\*\**P* \< 0.0001. Error bars indicate SD.](CAS-107-407-g005){#cas12891-fig-0005}

Cotreatment with HGF neutralizing antibody augments the inhibitory effect of SU1124 on cell invasion and induces cell death {#cas12891-sec-0020}
---------------------------------------------------------------------------------------------------------------------------

The synthesis of HGF by resistant cells suggested the autocrine activation of c‐Met signaling, therefore we tested the effects of HGF‐neutralizing antibody alone or in combination with SU11274 to inhibit c‐Met signaling in resistant cells. Compared to DMSO control, Huh7‐soR cells treated with 1 μg/mL anti‐HGF antibody alone showed a 25% reduction in invasion capacity, whereas Huh7‐soR cells treated with 1 μM SU11274 alone showed a 32% reduction (Fig. [6](#cas12891-fig-0006){ref-type="fig"}a, left graph). However, the combined treatment of anti‐HGF antibody and SU11274 achieved the greatest inhibition with a 48% reduction in invasion capacity and appeared to be significantly better than either treatment alone (Fig. [6](#cas12891-fig-0006){ref-type="fig"}a, left graph). Similar results were obtained with MV‐soR cells in which single treatments with anti‐HGF antibody and SU11274 caused 30% and 35% reductions in invasion capacity, respectively. However, the condition where both treatments were combined resulted in a significantly greater reduction (67%) when compared to single treatments (Fig. [6](#cas12891-fig-0006){ref-type="fig"}a, right graph). Similarly, our data on HGF‐treated parental cells showed that, although treatment with c‐Met inhibitor and HGF neutralizing antibody could decrease the resistance induced by exogenous HGF, only combined treatment with c‐Met inhibitor and HGF neutralizing antibody exerted a significant effect (Fig. S2).

![Treatment of sorafenib‐resistant (soR) cells with SU11274 (SU) and hepatocyte growth factor (HGF) neutralizing antibody enhances the inhibitory effect of SU11274 on cell invasion and augments sorafenib‐induced apoptosis. (a) Invasion assay was carried out using Transwell chambers. Huh7‐soR and Mahlavu (MV)‐soR cells were treated with 1.0 μM SU11274 and/or 1.0 μg/mL anti‐HGF antibody for 48 h. Mouse IgG1 and 0.1% DMSO were used to treat control cells. In each condition, invaded cells were visualized under a light microscope, and data are represented as column graphs. \#Combination treatment was significantly better than single treatments alone (*P* \< 0.05). (b) Apoptosis was detected using annexin V--FITC/propidium iodide staining. Huh7‐soR and MV‐soR cells were treated with 1.0 μM SU11274 and/or 1.0 μg/mL anti‐HGF antibody for 48 h, then stained with annexin V--FITC and propidium iodide. The rate of apoptosis was determined using a flow cytometer and data are presented as column graphs (*n* = 3). \**P* \< 0.05, \*\**P* \< 0.001, \*\*\**P* \< 0.0001. Error bars indicate SD.](CAS-107-407-g006){#cas12891-fig-0006}

As c‐Met signaling is known to promote cell survival, we further analyzed the effect of anti‐HGF and SU1127 treatments alone or in combination on the apoptosis of resistant cells in the presence of sorafenib using annexin V/propidium iodide staining. Compared to DMSO control, anti‐HGF antibody treatment alone did not enhance the apoptosis of Huh7‐soR cells, whereas SU11274 treatment alone significantly increased the apoptosis rate of these cells. Strikingly, the apoptotic rate of Huh7‐soR cells after combined treatment with anti‐HGF antibody and SU11274 was significantly greater and reached to 67.2% (Fig. [6](#cas12891-fig-0006){ref-type="fig"}b). The additive effect of anti‐HGF antibody and SU11274 on apoptosis was similar in MV‐soR cells, in which the combination of these agents achieved an 81.1% apoptosis rate. Although single treatments were also able to induce apoptosis in MV‐soR cells, the apoptosis rates achieved were much lower than the combined treatment. Specifically, anti‐HGF antibody was able to induce a 23.7% apoptosis rate while the apoptosis rate induced by SU11274 was 21.7% (Fig. [6](#cas12891-fig-0006){ref-type="fig"}b). Taken together, these findings indicate that combined treatment with anti‐HGF antibody and SU11274 has a significant advantage over single agent therapy at these specific concentrations.

Discussion {#cas12891-sec-0021}
==========

Target‐based therapies constitute a new promising avenue for the treatment of several malignancies including HCC. However, sorafenib therapy in HCC offers limited survival benefits and is hampered by the occurrence of drug resistance and tumor relapse.

In the present study, we showed that in two different HCC cell lines long‐term sorafenib treatment leads to the establishment of cells with reduced sorafenib sensitivity, increased mesenchymal features, and enhanced tumorigenic behavior. In the established sorafenib‐resistant cells, we detected an increase in c‐Met levels and phosphorylation along with an induction of HGF synthesis and secretion, suggesting autocrine activation of the HGF/c‐Met signaling pathway.

Importantly, an increasing number of studies are suggesting HGF/c‐Met signaling as a general mechanism to anti‐angiogenic therapies. The activation of Met‐dependent signaling pathways as a consequence of c‐Met amplification or upregulation of HGF expression was reported in emergence of resistance to several targeted therapies including EGFR inhibitors,[43](#cas12891-bib-0043){ref-type="ref"}, [44](#cas12891-bib-0044){ref-type="ref"}, [45](#cas12891-bib-0045){ref-type="ref"}, [46](#cas12891-bib-0046){ref-type="ref"} anti‐human epidermal growth factor receptor 2 therapies,[47](#cas12891-bib-0047){ref-type="ref"}, [48](#cas12891-bib-0048){ref-type="ref"} vascular endothelial growth factor receptor inhibitors,[49](#cas12891-bib-0049){ref-type="ref"}, [50](#cas12891-bib-0050){ref-type="ref"} and BRAF inhibitors.[51](#cas12891-bib-0051){ref-type="ref"}, [52](#cas12891-bib-0052){ref-type="ref"} However, the role of the HGF/c‐Met pathway in sorafenib resistance is still not clarified. In their study, Xiang *et al*.[53](#cas12891-bib-0053){ref-type="ref"} reported that patient specimens with sorafenib‐resistant HCC revealed higher p‐Met‐positive staining compared to sorafenib‐sensitive HCC specimens, suggesting the activation of c‐Met in these tumors. However, these tumors were not analyzed for c‐Met activation status before sorafenib therapy and thus the question still remains unanswered whether c‐Met active tumors are intrinsically resistant to sorafenib therapy or long‐term treatment of sorafenib causes resistance through c‐Met activation. Also, Jiang *et al*.[54](#cas12891-bib-0054){ref-type="ref"} recently reported that sorafenib and DE605, a novel c‐Met inhibitor, synergistically suppress HCC providing further data to support combinational therapies; however, this study did not investigate the development of acquired resistance following long‐term treatment and thus does not provide insight into the mechanisms of sorafenib resistance.

Importantly, the relationship between HGF expression and sorafenib resistance has not been evaluated in previous studies. However, it has been shown that in various cancers, enhanced autocrine or paracrine c‐Met signaling due to increased expression of HGF in tumor and/or stromal cells creates a compensatory effect leading to incomplete inhibition of this pathway and/or emergence of c‐Met‐targeted drug resistance.[55](#cas12891-bib-0055){ref-type="ref"}, [56](#cas12891-bib-0056){ref-type="ref"}, [57](#cas12891-bib-0057){ref-type="ref"} Our data, for the first time, show compensatory upregulation of HGF expression following long‐term sorafenib treatment without a change in DNA copy number and suggest the importance of evaluation and targeting of HGF expression in optimizing c‐Met‐targeted strategies with or after sorafenib therapy. We also showed the HGF/c‐Met‐mediated induction of Egr1 and MMP9 expressions in resistant cells, suggesting a new mechanism for this pathway in regulating invasion ability. Most importantly, we show that neutralization of HGF in combination with c‐Met kinase inhibition results in induction of apoptosis at significantly higher rates compared to c‐Met kinase inhibition alone, suggesting that neutralization of HGF in combination with c‐Met kinase inhibition could serve as a more powerful approach to increase sorafenib sensitivity.

Although there have been no studies evaluating pharmacological HGF inhibition in combination with sorafenib therapy and the combined use of strategies for the inhibition of HGF/c‐Met signaling needs to be further evaluated for efficacy and safety, this might become essential for tumors with c‐Met activation. Importantly, in addition to advanced HCC, sorafenib has been approved for treatment of two other carcinomas, advanced renal cell carcinoma and progressive differentiated thyroid carcinoma. When we analyzed the related cancer datasets, we found that c‐Met expression is significantly higher in these two carcinomas compared to their normal tissues (Fig. S3). Thus, the autocrine activation of HGF/c‐Met signaling could serve as a shared mechanism in the development of sorafenib resistance among various c‐Met expressing cancers; however, further studies are required to investigate HGF/c‐Met signaling as a general mechanism in sorafenib resistance.

Consequently, designing multitargeted therapies is required to increase patient response in sorafenib therapy and the identification of the emergence of alternative signaling cascades as potential targets for blockade is essential in planning of such therapies. Our results support, for the first time, a substantial role for HGF overexpression and secretion in the development of sorafenib resistance in HCC cells by autocrine c‐Met activation and provide further justification for testing combination therapies with HGF and c‐Met inhibitors in clinical trials.
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**Fig. S1.** Hepatocyte growth factor copy number analysis by quantitative PCR.
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**Fig. S2.** Combined treatment of Huh7 and Mahlavu (MV) cells with anti‐hepatocyte growth factor (HGF) and SU11274 could reverse sorafenib resistance induced by exogenous HGF.
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**Fig. S3.** c‐Met expression is increased in three types of cancer for which sorafenib therapy was approved by the FDA.
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**Doc. S1.** Antibodies and primers used in this study.
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